The reactivity of B12 cofactors: the proteins make a difference  by Ludwig, Martha L et al.
Minireview 505
The reactivity of B12 cofactors: the proteins make a difference
Martha L Ludwig*, Catherine L Drennan and Rowena G Matthews
Determination of the structure of intact methylmalonyl-
CoA mutase from Propionibacterium shermanii, and
comparisons with the structure of the cobalamin-binding
fragment of methionine synthase from Escherichia coli,
afford a first glimpse at the similarities and distinctions
between the two principal classes of B12-dependent
enzymes: the mutases and the methyltransferases.
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Introduction
The B12 (cobalamin) cofactor is the most complex of the
known organic cofactors. Elucidation of the structure 
of coenzyme B12 (adenosylcobalamin) by Lenhert and
Hodgkin in 1961 [1] was a landmark in the history of crys-
tallography. The unusual CoIII–carbon bond, revealed by
the X-ray analyses, is one of the few metal–carbon bonds
found in nature and is the key to the reactivity of cobal-
amins. Two different forms of the cofactor, with cobalt
bonded either to a methyl group (methylcobalamin) or to
5′deoxyadenosine (adenosylcobalamin; Fig. 1), are utilized
by B12-dependent enzymes in two distinct kinds of reac-
tions (Fig. 2). Enzymes that bind methylcobalamin cat-
alyze methyl transfer reactions in which the CH3–Co bond
is cleaved heterolytically, leaving both electrons on cobalt,
to form CoI and CH3+. Enzymes that require adenosyl-
cobalamin for activity catalyze reactions in which the first
step is homolytic cleavage of adenosylcobalamin to form
cob(II)alamin and the 5′-deoxyadenosyl radical, and thus
act as radical generators [2–3]. In all of the adenosylcobal-
amin-dependent enzymes except ribonucleotide reduc-
tase, this initial step is followed by a rearrangement, or
mutase reaction, in which adjacent H and X substituents
are interchanged, as illustrated in Figure 2a [2]. X may 
be a carbon with substituents, an alcohol oxygen, or an
amino nitrogen. The mechanistic details of the skeletal
rearrangements remain to be established [4–7]. A major
unsolved question is how C–Co reactivity can be directed
so differently in the mutases and methyltransferases.
The B12-dependent enzymes found in mammals are
adenosylcobalamin-dependent methylmalonyl-CoA mutase
and methylcobalamin-dependent methionine synthase.
Methylmalonyl-CoA mutase catalyzes the rearrangement
of methylmalonyl-CoA to form succinyl-CoA (Fig. 2b), an
important reaction in the breakdown of fatty acids with an
odd number of carbons, branched amino acids, and chol-
esterol. Impairment of this mutase activity results in
methylmalonic aciduria, a syndrome in infants that is often
fatal. Methylcobalamin-dependent methionine synthase is
a key enzyme in one-carbon metabolism. It catalyzes the
transfer of a methyl group from methyltetrahydrofolate to
homocysteine, generating tetrahydrofolate and methion-
ine (Fig. 2c). Inhibition of methionine synthase, either as
a result of B12 deficiency or following exposure to nitrous
oxide, leads to megaloblastic anemia. 
The mammalian enzymes and their bacterial analogs are
large multidomain proteins, and their complexity explains
why structures of these fascinating enzymes have been
slow to emerge. Human methylmalonyl-CoA mutase is a
homodimer of chains approximately 75 kDa in size [8],
Figure 1
The B12 cofactors. Cobalamins are the subfamily of structures in which
dimethylbenzimidazole terminates the nucleotide-like side chain attached
to ring D of the corrin macrocycle. The alkyl R group occupies the upper
axial position and the lower axial ligand is dimethylbenzimidazole, with the
N3 nitrogen coordinated to Co (dashed line). In coenzyme B12, 
or adenosylcobalamin, R=5′deoxyadenosine; in methylcobalamin,
R=methyl. (In vitamin B12 the upper axial ligand is CN.) The Co 
atom is formally CoIII in these compounds.
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whereas the enzyme from Propionibacterium shermanii is 
a heterodimer of 80 kDa and 69 kDa chains [9]. The
methionine synthases from pig liver and E. coli are single
chains of ~150 kDa and 136 kDa, respectively [10,11].
At last, progress has been made in the structure analysis 
of the bacterial forms of these fascinating enzymes. The
crystal structure of methylmalonyl-CoA mutase from
P. shermanii, reported by Mancia et al. in the March issue of
Structure [12], affords the first view of an intact B12-depen-
dent enzyme. In an earlier paper in Science, Drennan et al.
described the structure of a methylcobalamin-binding frag-
ment from E. coli methionine synthase [13]. The domain
that interacts with the lower face of the corrin ring is
remarkably similar in the two structures. In both enzymes
the dimethylbenzimidazole (DMB) side chain of the bound
cofactor is dissociated from Co (‘DMB-off’) and its place is
taken by a histidine residue (Figs 3,4). These similarities
pose a challenge to understanding how the two proteins
promote different reactions of the Co–C bond. It is tempt-
ing to regard the domain that interacts with the lower face
of the cobalamin as the regulator of cobalamin reactivity
[12,14], and to focus on the details of structural differences
that may direct the reaction chemistry. However, critical dif-
ferences in reactivity may also be governed by interactions
between the proteins and the upper face of the cobalamin.
Methylmalonyl-CoA mutase: a challenging structure analysis
Methylmalonyl-CoA mutase from P. shermanii is an ab
heterodimer of similar chains with 728 residues in the a
and 638 in the b chain [9]. The dimer houses only one
active site; the structure confirms that the b chain,
although folded similarly to the a chain, does not bind
cobalamin. The structure determination was not straight-
forward and called for resourcefulness at every stage. One
of the initial obstacles was production of enzyme that
incorporated the correct cofactor. As isolated from cultures
of P. shermanii, the mutase was bound to degradation prod-
ucts of B12 and as a result was inactive [15]. These diffi-
culties were avoided by expression of the apoprotein in
E. coli and subsequent reconstitution with adenosylcobal-
amin  [16]. Crystals for the successful structure analysis
were grown and stabilized in glycerol and X-ray data were
collected at 95 K. Two related orthorhombic and mono-
clinic crystal forms, both troubled by lack of isomorphism,
were employed. Interpretable images were obtained by
utilizing phase information from both crystal forms and
from multiwavelength anomalous dispersion (MAD) mea-
surements. Data from the monoclinic crystals, grown in
the presence of adenosylcobalamin and the partial sub-
strate mimic, desulfo-CoA, were used to refine a final
model at 2.0 Å resolution. The adenosyl moiety is not
observed in the electron density and spectra of two crys-
tals in somewhat different orientations indicate that most
of the molecules are in the CoII oxidation state. Thus, the
principal species visualized by the structure analysis is an
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Figure 2
Schemes for the reactions catalyzed by methylmalonyl-CoA mutase
and methionine synthase. (a) Simplified mechanism for coenzyme 
B12-dependent rearrangements. Mutase reactions are initiated by
cleavage of the Co–C bond to form cob(II)alamin and the 5′
deoxyadenosine radical (lCH2R). (b) The rearrangement reaction
catalyzed by methylmalonylCoA mutase. (c) A simplified scheme for
the primary catalytic cycle of methionine synthase. In the first methyl
transfer, methionine is formed and the cofactor is converted to the
four-coordinate cob(I)alamin. In the second methyl transfer,
methylcobalamin is reformed. The methyl transfer reactions actually
occur in ternary complexes of the enzyme with both substrates [42].
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unreactive product of homolytic cleavage of coenzyme B12
with a partial substrate bound. 
The major features of the a chain are the substrate-
binding and cobalamin-binding domains, each with a
familiar fold (Fig. 3). A (ba)8 barrel towards the N termi-
nus binds desulfo-CoA and makes intimate contact with
the upper face of the corrin ring. The C-terminal a/b
domain, which resembles flavodoxins in its sheet topol-
ogy, interacts with the lower face of the corrin. Like the
corresponding a/b domain from methionine synthase, this
domain provides a deep binding pocket for the DMB side
chain of the cobalamin. In the similar but shorter b chain,
which in the structure is shown to bind neither substrate
nor cobalamin, the flavodoxin-like C-terminal domain has
swung away from the N-terminal barrel domain. Although
the b chain appears at first sight to be vestigial, Argb45
interacts with the CoA substrate [12], and chain dissocia-
tion is accompanied by loss of activity [17]. 
Interactions with the a/b domain control the reactivity of
the C–Co bond?
The most striking aspect of B12 binding, observed in both
methylmalonyl-CoA mutase and methionine synthase, is
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Figure 3
The structures of (a) the a chain of
methylmalonyl-CoA mutase (residues 2–728)
and (b) the 27 kDa methylcobalamin-binding
fragment of methionine synthase (residues
651–896). The lower a/b domains (purple and
magenta) are very similar in the two structures,
which have been aligned to emphasize the
resemblance between these domains. In both
structures the long dimethylbenzimidazole tails
of the cobalamins (brown) penetrate downward
into the center of the a/b domains, and
histidines (purple) are bonded to Co (brown). In
(a), the substrate-binding (ba)8 barrel of
methylmalonyl-CoA mutase (yellow and gold)
covers the upper face of the bound cobalamin;
the partial substrate, desulfocoenzyme A, is
shown in dark green. An N-terminal extension
(red), that precedes the substrate-binding
barrel, wraps around the b chain, which is not
shown in this drawing, and a long linker (green)
connecting the two domains encircles the
middle of the structure, and forms a series of
helices before entering the C-terminal domain.
The inactive b chain retains most of the same
structural motifs but the interdomain linker is
much shorter. In (b), the upper face of
methylcobalamin is covered by a helical bundle
(yellow) that does not contain the substrate-
binding determinants.
Figure 4
Interactions in the ligand triads of methylmalonyl-
CoA mutase and methionine synthase. (a) The
hydrogen-bonded triad: His759–Asp757–Ser810
in methionine synthase (in the methylcob(III)alamin
form). The cobalt atom is colored magenta.
(b) Consensus sequences of the conserved
histidine and leucine loops that contact the
cobalamin. Methionine synthase is above and
methylmalonyl-CoA mutase is below. Residues
depicted in (a) and (c) are in bold.  (c) Comparable
drawing of the triad His610–Asp608–Lys604 in the
CoII form of methylmalonyl–CoA mutase. As in the
methionine synthase structure, the central aspartate
is supported by hydrogen bonds to the backbone of
the histidine and leucine loops. The long Co–N
distance is evident in this view, which is oriented to
emphasize the inequivalence of Ser810 (methionine
synthase) and Lys604 (methylmalonyl-CoA mutase).
Lys604 in methylmalonyl-CoA mutase lies six
residues upstream from the histidine ligand,
whereas in methionine synthase, Ser810 is 51
residues downstream from the histidine, on the
adjoining leucine loop.
the replacement of the DMB by a histidine (imidazole).
Direct contact between the protein and the lower face of
the corrin, resulting from this ligand exchange, provides a
way to program the different reactivities of the Co–C bond
and may have profound consequences for enzyme cataly-
sis. It therefore seems paradoxical that methylmalonyl-
CoA mutase and methionine synthase, which promote
such different reactions of the Co–C moiety, nevertheless
share many structural features in the region beneath the
corrin (Figs 3,4). Two loops, one carrying the histidine
ligand and the other a conserved leucine, adopt similar
conformations in both enzymes. However, the interactions
of these loop residues differ in methionine synthase and
methylmalonyl CoA mutase (Fig. 4). Hydrogen-bonded
networks, which we call ligand triads, connect the histi-
dine ligand to the side chains of two other residues. In
methionine synthase, the ligand triad is His759–Asp757–
Ser810, and in methylmalonyl-CoA mutase, the triad is
His610–Asp608–Lys604. Ser810 is not conserved in
mutase enzymes, and the identification of Lys604 as the
third member of the triad was not anticipated.
Homolytic Co–adenosyl bond cleavage in B12-dependent
mutases occurs at rates 109–1011 times faster than in the
free coenzyme [4,18]. Labilization of the CoIII–adenosyl
bond is critical for the mutase reactions, and several theo-
ries have been developed over the years to explain the
reactivity of this bond. Steric crowding at the upper face of
adenosycobalamin has been a favorite explanation for the
dramatic acceleration of Co–C homolysis that is induced by
substrates (summarized in [19]). In the structure of free
coenzyme B12 [20], upward folding of the corrin ring, forced
by contacts with DMB, leads in turn to close contacts
between adenosyl and corrin atoms, as shown in Figure 5.
One consequence of this mode of steric crowding is elonga-
tion and weakening of the Co–C bond. This crowding,
perhaps exaggerated by contacts with the protein, has pre-
viously been invoked as the basis for rapid Co–C bond
cleavage in mutases; however, the mechanism depends on
the presence of a bulky lower ligand with a short N–Co
bond. It therefore seems unlikely that it plays a major role
when histidine is the ligand. Furthermore, although the
corrin ring in CoII methylmalonyl-CoA mutase flexes in a
way that is different from most model compounds, it is also
flatter than in model cobalamin structures. The flatter ring
is consistent with recent crystallographic analyses of Kräut-
ler et al. [21], showing that corrin ring flexure is reduced in
model compounds when imidazole is the cobalt ligand.
Thus, while a role for protein-induced corrin flexure cannot
be eliminated without knowing the structures of adenosyl-
cob(III)alamin forms of the enzyme, it seems probable that
other features dominate the reactivity of the Co–C bond in
methylmalonyl-CoA mutase.
Mancia et al. [12] suggest that the unusually long 2.5 Å
bond between His610 Ne2 and CoII, which they observe
in the structure, reflects a critical role of the protein in the
reactions of methylmalonyl-CoA mutase. The increase in
bond length, relative to model compounds, is dramatic
and seems to be a key feature of the structure. For com-
parison, the N–Co bond length is 2.16 Å in cob(II)alamin
[22] and 2.24 Å in adenosylcobalamin [20]. Substitution of
imidazole for DMB would be expected to shorten, rather
than lengthen, the N–Co bond [21]. Because it is difficult
to obtain accurate metal–ligand distances in protein struc-
tures, refinement tests were applied to confirm the unique
geometry of the N–Co bond in this enzyme. The inter-
pretation of Mancia et al. [12] that this long bond promotes
homolysis of Co–C is drawn from a major theme of
research in B12 chemistry, the investigation of the trans
effects by which the lower axial ligand influences the
properties and reactions of the upper alkyl ligand. In the
case of homolytic cleavage of the Co–C bond in mutases
or model compounds, reaction rates may be controlled by
changing the equilibrium between adenosylcobalamin and
the CoII and deoxyadenosyl radical products [23,24].
Several lines of evidence indicate that when the trans
Co–N bond is long, the Co–C bond has a much lower dis-
sociation energy [4,14,25,26]. (This trend is opposite to
that expected from classic trans-substituent effects in
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Figure 5
A drawing of the structure of adenosylcobalamin (coenzyme B12) [20],
decorated with dot surfaces representing van der Waals radii. The A
(left) and D (right) rings of the corrin are toward the viewer. This
vantage point shows the upward flexure of the corrin ring system
(purple surface dots) along a line perpendicular to the page. Close
contacts between the dimethylbenzimidazole (yellow surface dots) and
the underside of the corrin force the ring upward. Interpenetration of
the corrin atom surfaces (purple) and the 5′ deoxyribose atoms of the
adenosyl group (blue surface dots) indicates some of the contacts that
produce steric compression in the free coenzyme.
which one strongly donating axial ligand weakens the
bonding of the other. See [19] for references.)
If a long bond is enforced in the adenosylcobalamin–sub-
strate complex as well as in the cob(II)alamin form seen in
this first structure, then it seems that one device used by
methylmalonyl-CoA mutase to promote homolytic cleav-
age of the carbon–cobalt bond is manipulation of the
histidine–corrin interactions. The protein environment
presumably determines the histidine and corrin positions,
but it is not easy to ascribe the ‘strain’ and N–Co bond
stretching to particular protein–cofactor or other inter-
actions. Structures of the adenosylcobalamin species of
the enzyme would provide valuable comparisons that
might help to explain how the protein maintains this
unusual ligation geometry. 
How does the apparently similar methionine synthase
instead catalyze heterolytic cleavage of the Co–C bond?
Part of the answer may lie in the details of the differences
in the a/b domains of methylmalonyl-CoA mutase and
methionine synthase. The distance between His Ne2 and
Co in the methylcobalamin form of methionine synthase
is not extraordinarily long, but is close to the bond length
found in model alkyl cobalamins. Also, the supporting
hydrogen-bonded aspartate has a different environment in
the two enzymes (Fig. 4). In the original report of the
structure of methionine synthase [13], Drennan et al. pro-
posed that changes in protonation of the hydrogen-
bonded His–Asp–Ser triad could alternately stabilize the
methylcobalamin and the CoI heterolysis product that
results from methyl transfer (Fig. 6). Jarrett et al. have sub-
sequently shown that replacement of the ligand, His759,
by glycine cripples the enzyme for its primary task of
methionine synthesis [27]. Thus, bonding of the histidine
ligand to cobalamin appears to be required in the transi-
tion state for the methyl transfers from methyltetrahydro-
folate to cob(I)alamin, and from methylcobalamin to
homocysteine. Mutations of the other members of the
ligand triad have been shown to weaken the interaction of
His759 with the cobalt in the cob(II)alamin form of the
enzyme. These mutants display a diminished ability for
catalysis of the methyl transfer, that correlates with the
degree of weakening of the Co–N bond [27]. Interest-
ingly, these same mutants exhibit increased rates of pho-
tolysis (homolytic cleavage) that also correlate with the
reduction in the Co–N bond strength. 
For methionine synthase, the His–Asp–Ser triad favors a
relatively strong N–Co bond that promotes the desired
heterolytic chemistry and inhibits homolytic cleavage by
photolysis. In contrast, the ligand triad in methylmalonyl-
CoA mutase, His–Asp–Lys (Fig. 4), enforces a weak
Co–histidine bond, and favors homolytic cleavage. Thus,
early observations point to significant but different roles
for the triads in each enzyme.
The upper faces of cobalamin
Co–C bond cleavage occurs at the upper face of the corrin
ring, and the methyl- and adenosyl-enzymes must have
unique features in this region, tailored to their particular
substrates. All of the machinery for the rearrangement
reactions of methylmalonyl-CoA mutase is likely to reside
in the surprisingly hydrophilic core of the barrel domain
that covers the upper face of the cobalamin. Substrate
apparently enters from the ‘top’ of the barrel, allowing
residues near the ‘bottom’ to surround the methylmalonyl
or succinyl groups. Potential catalytic and substrate-
binding residues that line the bottom of the barrel include
His244, Tyr89, and Arg207, and these will undoubtedly be
subjects for mutagenesis. Although participation of cobalt
in the rearrangement steps has been proposed in some
mechanisms, the position of the partial substrate favors
mechanisms in which substrate radicals do not interact
directly with the metal. 
A primary role of the barrel domain of methylmalonyl-
CoA mutase must be to sequester and orient the radical
species that form during the reaction cycle. The historic
focus of B12 chemistry has been on steric effects and the
electronic properties of the Co in cobalamin. However,
the relative stability of methyl and adenosyl radicals, and
the ability of the proteins to stabilize these intermediates,
may prove to be significant factors in determination of the
course of the reactions in B12-dependent enzymes [22,28].
How substrate binding increases the rate of formation of
the deoxyadenosyl radical by many orders of magnitude is
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Figure 6
The proposed role of the ligand triad, His759, Asp757 and Ser810, in
the reaction catalyzed by methionine synthase [13]. Addition of a
proton to the His–Asp pair is presumed to stabilize (a) the four-
coordinate CoI species whereas deprotonation favors formation of
(b) the six-coordinate CoIII species.
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one of the most interesting questions in B12 enzymology.
Major repacking or rearrangement induced by substrate
binding might have been envisioned before the structure
of methylmalonyl-CoA mutase was known, but the pres-
ence of the substrate-binding barrel domain directly above
the upper face of the cobalamin obviates the need for
massive structural changes. 
In contrast, in the methionine synthase fragment
hydrophobic residues from a helical bundle form a cap
that covers the methyl group but does not bind substrates
[13]. Mutations of the cap residues affect the sensitivity of
the methyl–Co bond to photolysis, indicating that the
helical domain occupies the upper face, at least part of the
time, in the intact enzyme [29]. There is no obvious
channel allowing substrates to gain access to cobalamin
during the catalytic cycle of methionine synthase. Unlike
methylmalonyl-CoA mutase, in which substrates reach the
cofactor by threading through the core of a long barrel,
methionine synthase must perform a molecular juggling
act, in which the helical domain and substrate-binding
regions are alternately positioned above the corrin.
Will all cobalamin-dependent enzymes bind the cobalamin
with the dimethylbenzimidazole displaced? Which enzymes
are likely to have a histidine ligand to the cobalamin? 
Sequence identities among cobalamin-dependent
enzymes were first recognized by Marsh and Holloway
[30]. They compared the deduced amino acid sequences
of the small subunit of glutamate mutase (mutS) with
methionine synthase and with methylmalonyl CoA
mutase from mouse, human and bacterial (P. shermanii)
species. Aligning the regions of these genes now known to
correspond to the a/b cobalamin-binding domains, they
identified a set of conserved residues. Determination of
the structure of the cobalamin-binding domains of methio-
nine synthase [13] revealed that these conserved residues,
and an additional leucine, constitute a fingerprint for the
mode of cobalamin binding in which DMB is displaced by
a histidine ligand. The structure-based sequence motif is: 
Asp–X–His–X–X–Gly…(41)…Ser–X–Leu…(26–28)…Gly–Gly
The histidine, which serves as the cobalt ligand, and the
conserved aspartate and leucine, are shown in Figure 4.
The conserved glycine residues and the serine are critical
for binding the DMB nucleotide. From the structure of
methylmalonyl-CoA mutase, it is apparent that the finger-
print residues play important related roles in this enzyme.
Subsequently, this fingerprint for histidine ligation has
been identified in methyleneglutarate mutase [31]. The
three adenosylcobalamin-dependent mutases that share
the fingerprint sequences with methionine synthase
(methylmalonyl CoA mutase, methyleneglutarate mutase,
and glutamate mutase) all catalyze the difficult rearrange-
ment reactions that involve cleavage of carbon–carbon
bonds. Independent evidence that histidine is the ligand
to cobalamin in methionine synthase [13], methylmalonyl-
CoA mutase [32], and the small subunit of glutamate
mutase [33] has also been obtained by electron paramag-
netic resonance (EPR) spectroscopy. EPR identified histi-
dine as a ligand to Co in whole cells of Sporomusa ovata, an
anaerobic acetogenic organism containing an unusual
cobalamin analogue, p-cresolyl cobamide, in which the
nucleotide side chain of the corrin lacks a nitrogen [34].
Sequence data also predict histidine ligation to cobal-
amins or cobalamin analogs (corrinoids) in acetogens and
methanogens. In Methanosarcina barkeri, methyl groups
are transferred from methylamine, acetate, methanol, or
trimethylamine to coenzyme M (2-mercaptoethanesul-
fonate). An a6b6 protein isolated from cells grown on
acetate has been shown to catalyze the transfer of methyl
groups from exogenous methylcobalamin to coenzyme M
[35], a reaction formally analogous to the transfer of a
methyl group from methylcobalamin to homocysteine in
methionine synthase (Fig. 2). The sequence of the gene
specifying the b subunit from the Methanosarcina barkeri
protein has recently been determined by Paul and
Krzycki (GenBank accession number MBU36337) and
shown to match the fingerprint sequence for histidine
ligation of cobalamin, except that the conserved serine is
replaced by threonine.
Will histidine displace DMB in all cobalamin-dependent
enzymes? Although definitive evidence is lacking, we
suspect that only a subset of the adenosylcobalamin-
dependent enzymes will bind cobalamin in the same way
as methylmalonyl-CoA mutase. Careful scrutiny of the
deduced amino acid sequences of ribonucleotide reduc-
tase [36], propanediol dehydrase (John Roth, personal
communication; [37]), ethanolamine ammonia lyase [38]
and glycerol dehydratase (GenBank accession number
CFU09771) fails to reveal the fingerprint sequences char-
acteristic of histidine ligation to cobalt. In ribonucleotide
reductase, nitrogen is a ligand to cobalt [39], but an EPR
experiment designed to determine whether this might be
a histidine nitrogen, performed in Dr JoAnne Stubbe’s
laboratory (S Licht and J Stubbe, personal communica-
tion), indicated that the cobalt ligand did not derive from
the protein, and presumably comes from DMB.
Among methyl transferases, one corrinoid-dependent
enzyme is known not to have a histidine ligand; this is the
88 kDa corrinoid/iron–sulfur protein from Clostridium
thermoaceticum studied by Ragsdale and colleagues [40].
The genes specifying the two subunits of the
corrinoid/iron–sulfur protein have been sequenced [41].
The smaller cobalamin-binding subunit can be aligned
with the a/b domain of methionine synthase but lacks the
characteristic histidine. Interestingly, in this protein the
corrinoid cofactor is bound to the protein in the ‘DMB-off’
mode, as revealed by visible and EPR spectroscopy [40]. 
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Perspectives
The first structures of enzymes that utilize the B12 cofactor
have produced provocative and intriguing surprises.
Replacement of the DMB ligand to Co by histidine 
was not anticipated by most students of B12 chemistry 
and enzymology. The realization that Nature has not
immutably attached DMB to the cobalt of the B12 cofactor
opens new avenues of investigation into B12 model chem-
istry, B12-dependent enzymes, and the design of inhibitors
and analogs. The ways in which proteins can manipulate
the properties of cobalamins are more varied than had been
thought: initial observations of methylmalonyl-CoA mutase
and methionine synthase point to important roles for the
histidine ligand and its neighbors in determining the mode
of cleavage of the carbon–cobalt bond. We are once more
reminded that the protein is not just a passive host, but
provides a unique and selective environment for its cofac-
tor partner. The long bond that seems crucial to the reac-
tivity of methylmalonyl-CoA mutase is a feature that will
be a challenge to replicate in the absence of a protein envi-
ronment. Stimulated by the emerging knowledge of the
structures, chemists, spectroscopists, and enzymologists
together can focus on newly-framed questions concerning
the reactivity of “Nature’s most beautiful cofactor.” 
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